Excretion of ␣-keto acids by clinical isolates and laboratory strains of Salmonella typhimurium was determined by high-performance liquid chromatography analysis of culture supernatants. The levels of excretion increased markedly with increasing iron stress imposed by the presence of ␣,␣-dipyridyl or conalbumin in the medium. The major product was pyruvic acid, but significant concentrations of ␣-ketoglutaric acid, ␣-ketoisovaleric acid, and ␣-ketoisocaproic acid were also observed. Maximal excretion occurred at iron stress levels that initially inhibited bacterial growth; the concentration of ␣,␣-dipyridyl at which this was observed differed between strains depending on their ability to secrete and utilize siderophores, suggesting that the intracellular iron status was important in determining ␣-keto acid excretion. However, prolonged incubation of the siderophore-deficient S. typhimurium strain enb-7 under conditions of high iron stress resulted in significant delayed bacterial growth, promoted by tonB-dependent uptake of iron complexed with the high accumulated levels of pyruvic acid and other ␣-keto acids. Strain RB181, a fur derivative of enb-7, excreted massive amounts of ␣-keto acids into the culture medium even in the absence of any iron chelators (the concentration of pyruvic acid, for example, was >25 mM). Moreover, RB181 was able to grow and excrete ␣-keto acids in the presence of ␣,␣-dipyridyl at concentrations threefold greater than that which inhibited the growth of enb-7.
The growth of many species of bacteria in iron-deficient media triggers the expression of so-called iron-regulated genes scattered throughout the genome. Among the enteric bacteria, this process is controlled at the transcriptional level by the regulatory protein Fur, the product of the chromosomal fur (ferric uptake regulation) gene (1, 11) . Some of the genes controlled by Fur encode high-affinity iron transport systems mediated by siderophores, low-molecular-mass iron(III) chelators which scavenge iron in the external medium and make it available to bacteria. The principal siderophore of Salmonella spp. is the catechol enterobactin (20) ; 99% of the strains of various Salmonella serovars tested synthesized and utilized this molecule to supply iron (18) . Moreover, both 2,3-dihydroxybenzoic acid (DHBA), an enterobactin precursor, and 2,3-dihydroxybenzoylserines (DHBS), degradation products of enterobactin, also have a limited but significant ability to overcome iron deficiency in the environment (13, 38) . Some isolates of Salmonella, particularly those from patients with nosocomial infections and most strains belonging to Salmonella subspecies IIIa and IIIb, also produce the hydroxamate siderophore aerobactin, while most strains possess transport mechanisms for siderophores produced by other microorganisms, such as ferrioxamines, ferrichromes, pyoverdines, amonabactins, and myxochelins (18, 31) , as well as chemically synthesized siderophores (32, 33) . However, Salmonella typhimurium is unable to utilize heme as an iron source (unpublished data).
Although virtually all Salmonella isolates produce enterobactin, it has been proposed that this siderophore may not be particularly effective as an iron scavenger in vivo, in part because of its inherent instability (19) and its capacity to bind to serum proteins eliciting an immune response (22) . Moreover, characterization of various Salmonella isolates by siderophore pattern analysis (25) indicated that host-adapted serovars such as S. typhi, S. gallinarum, and S. choleraesuis produce only very low levels of enterobactin. In addition, iron levels within host cells may not be sufficiently low to allow fully induced expression of iron-regulated genes in internalized bacteria (8) , so that the iron transport systems mentioned above may not be active during intracellular proliferation following invasion. It has been suggested, therefore, that other iron-supplying systems may be involved in the pathogenesis of these bacteria. One possibility is that internalized bacteria may be able to use ␣-keto acids to supply iron. The first evidence that these iron binding primary metabolites can function as bacterial siderophores came from studies of Proteus mirabilis (4) and later of other Proteus species and species in the related genera Providencia and Morganella (3). Subsequently, exogenously supplied ␣-keto acids were demonstrated to supply iron for the growth of Escherichia coli (29) , Pasteurella hemolytica and P. multocida (28) , staphylococci and micrococci (16) , and Salmonella spp. (17) . Moreover, strains of P. hemolytica and P. multocida that were unable to produce classical siderophores produced large amounts of pyruvic acid (5), while some coagulasenegative staphylococci excreted ␣-keto acids at concentrations as high as 70 mM under iron-restricted conditions (16) . Little is known, however, about the physiological factors that control the production of ␣-keto acids by these bacteria or about their potential role in vivo. In this study, we demonstrated the ex-cretion of ␣-keto acids by S. typhimurium strains over a range of iron stress conditions, particularly at levels of stress in which bacterial growth is significantly impaired. We also provided evidence that this process is modulated by the regulatory protein Fur.
MATERIALS AND METHODS

Bacteria.
The bacterial strains used in this study are described in Table 1 . S. typhimurium 333/94, M307, and 80/82 are natural isolates that differ in their patterns of siderophore production. S. typhimurium enb-7 is a class II enterobactin-deficient laboratory strain (23). Previously described indicator strains for siderophore production are S. typhimurium TA2700 (enterobactin and DHBS [20] ), S. typhimurium SR1001 (DHBA [26] ), E. coli LG1522 (aerobactin, [2] ), and S. stanleyville 207/81 (phenolate and hydroxamate siderophores and ␣-keto/␣-hydroxy acids [17, 26, 31] ). Aureobacterium (formerly Arthrobacter) flavescens JG-9 was previously reported to be a hydroxamate siderophore indicator strain (31) ; in this paper, we demonstrate that it also detects ␣-keto acids (see Table 3 ).
Culture conditions. All glassware was prepared as previously described (31) . Trypticase soy broth was purchased from Becton Dickinson, Cockeysville, Md. Minimal M9 medium (34) supplemented with 2 g of thiamine pyrophosphate per ml, 5.0 g of NAD per ml, 1.0 g of nicotinic acid amide per ml, and 2.5 g of thiamine HCl per ml, was enriched with 8.0 mg of nutrient broth (Difco) per ml, 10 mg of tryptone (Difco) per ml, and 2.0 mg of yeast extract (Difco) per ml. Iron stress was imposed by the addition of a range of concentrations of ␣,␣Ј-dipyridyl (DIP) or conalbumin (prepared as a 4-mg/ml stock solution [35] ). Cultures were incubated at 37°C with aeration by shaking, and growth was monitored by measurement of the optical density at 620 nm (OD 620 ).
Derivatization and analysis of ␣-keto acids. ␣-Keto acids in bacterial culture supernatants were determined by high-performance liquid chromatography of 2-quinoxalinol derivatives as described by Hayashi et al. (14) . Briefly, culture supernatants (3.0 ml) containing ␣-keto acids were adjusted to weakly acidic pH and applied to hydrazide polyacrylamide gel columns (0.3 ml); this allowed ␣-keto acids to react with hydrazide groups to form hydrazones, thus trapping them in the gel. After the gels were washed with 5 ml of 0.1 M sodium chloride, 2 ml of fresh o-phenylenediamine solution (made by dissolving 40 mg of ophenylenediamine sulfate and 100 l of mercaptoethanol in 40 ml of 2 N HCl) was added and the gels were heated at 80°C for 2 h; at this stage, ␣-keto acids trapped on the gels as hydrazones were hydrolyzed and reacted with o-phenylenediamine to form 2-quinoxalinol derivatives. These were extracted into 10 ml of ethyl acetate, dried and evaporated to dryness, redissolved in a small volume of N,N-dimethylformamide, and separated by reversed-phase paired-ion chromatography in an LC-A6 liquid chromatograph (Shimadzu, Kyoto, Japan) with a 250-by 4-mm (internal diameter) column packed with LiChrospher RP-8 (5 m). Elution was performed with a linear gradient from 90% solution A-10% solution B at 0 min to 45% solution A-55% solution B at 45 min at a flow rate of 1 ml/min and a column temperature of 55°C. Solution A was 10% acetonitrile-15% 0.1 M tetrapropylammonium bromide in 0.1 M phosphate buffer (pH 6.8) in water; solution B was 80% acetonitrile in water. This method is reported to give good recovery rates for almost all ␣-keto acids tested (14) . To provide an internal standard for recovery, 120 nmol of ␣-ketooctanoic acid (Sigma) was added to each sample of culture supernatant at the beginning of the procedure. Concentrations of each ␣-keto acid eluted from the column were determined by comparison of peak heights to the internal-standard peak height.
Cross-feeding tests. Filter paper discs were impregnated with 20 l of filtersterilized supernatants of Salmonella cultures grown under iron-limited conditions and placed on siderophore indicator plates as previously described (31) . Biological activity (i.e., the ability to supply iron) was indicated by the presence of a halo of growth of an indicator strain around a test disc.
Uptake of 55 Fe. Radiolabelled iron uptake into bacteria was measured essentially as previously described (3, 17) , except that the bacteria were harvested by centrifugation rather than on membrane filters.
RESULTS
Excretion of ␣-keto acids in relation to iron stress. All S. typhimurium wild-type strains and mutants tested released ␣-keto acids into the medium. Increasing iron stress by the addition of DIP (compare Fig. 1a and b) or conalbumin (Fig. 1c to e) resulted in the excretion of significantly greater amounts of ␣-keto acids, particularly of pyruvic acid (PA), which was detected in culture supernatants at concentrations as high as 500 M. Other ␣-keto acids consistently detected in significant but smaller amounts (approximately 5 to 50 M) were ␣-ketoglutaric acid (KGA), ␣-ketoisovaleric acid (KIV), and ␣-ketoisocaproic acid (KIC).
Maximal ␣-keto acid excretion was observed when growth was severely limited due to high iron stress. Thus, S. typhimurium enb-7, which produces neither enterobactin nor aerobactin, showed marked inhibition of growth, as measured after incubation with shaking for 20 h, at concentrations of DIP up to 150 M and virtually no growth at 300 M (Fig. 2a) . However, the production of large amounts of PA after 20 h in the virtual absence of growth at 300 M DIP apparently promoted rapid growth during a subsequent 8-h incubation period with shaking at 37°C. No such growth was observed with strain SR1001, a tonB derivative of enb-7 (data not shown), suggesting that the growth of enb-7 upon further incubation was indeed due to TonB-dependent uptake of iron complexed with ␣-keto acids. During this period of further incubation, the amount of PA in the medium decreased and KGA was formed in large amounts (Fig. 2b) , probably by reactions in the citric acid cycle; KIV was also detected, and the levels of KIC increased slightly (Fig. 2a) . The addition of conalbumin instead of DIP as an iron scavenger gave qualitatively similar results (Fig. 2c) . PA was overproduced as the growth of strain enb-7 declined with increasing amounts of conalbumin, while growth and the release of KGA increased concurrently at very high iron stress levels. Fur dependence of ␣-keto acid secretion. By comparison with strain enb-7, the fur mutant RB181 excreted very high levels of ␣-keto acids even in the absence of DIP ( Table 2 ). The concentrations of PA in the culture medium exceeded 25 mM (approximately 2.5 mg/ml), and the levels of another compound, probably oxaloacetic acid, reached 4.4 mM (Ͼ0.5 mg/ ml). Similarly large quantities were observed over a range of iron limitation conditions. The levels of KGA, KIV and KIC excreted by RB181 were all significantly greater than those excreted by enb-7 at all DIP concentrations. Moreover, RB181 excreted detectable levels of a number of other compounds that were not observed in culture supernatants of enb-7. As might be expected, such apparent wastage of metabolic activity resulted in poorer growth of RB181 than of enb-7 even in the absence of iron stress. However, concentrations of DIP as high as 500 M had no significant further effect on the overall growth of RB181 over a 24-h incubation period. At 600 M DIP, both bacterial growth and amounts of excreted ␣-keto acids decreased significantly (data not shown).
Temporal changes in ␣-keto acid excretion in response to high iron stress. The predominant ␣-keto acids produced by S. typhimurium enb-7 varied quantitatively depending on the level of iron stress imposed by DIP or conalbumin (Fig. 2) . It should be noted that these data represent snapshots of cultures under various conditions and give no indication of kinetic changes. The data in Fig. 2a and b , however, show two time points for a culture containing 300 M DIP and suggest that levels of excreted ␣-keto acids also vary with the time of incubation. To investigate this further, we incubated strain enb-7 for 24 and 48 h in medium containing concentrations of DIP that were previously shown to be growth inhibitory for this strain. In each case, low levels of growth within 24 h were accompanied by excretion of PA and small amounts of KIC (Fig. 3a) . After 48 h, however, significant growth had occurred and the amounts of PA in the culture medium had declined between two-and fivefold. The KIC levels had increased slightly. KGA and KIV were undetectable at 24 h but present in significant concentrations at 48 h (Fig. 3b) .
Excretion of ␣-keto acids by clinical isolates of S. typhimurium. Two siderophore-producing S. typhimurium isolates were capable of tolerating higher levels of iron limitation than was the mutant enb-7. The enterobactin-producing strain M307 grew in medium containing as much as 750 M DIP, while strain 333/94, which produces both enterobactin and aerobactin, tolerated up to 900 M DIP (Fig. 4) . These strains excreted ␣-keto acids under all conditions of iron limitation; as with enb-7, PA was the predominant product of strains M307 and 333/94 at growth-limiting levels of iron stress. However, KGA was also detected in the supernatants of these clinical isolates at relatively low DIP concentrations (data not shown), in contrast to the situation with enb-7, in which KGA was observed only after prolonged incubation (Fig. 3) .
Biological activity of ␣-keto acids identified in culture supernatants. Culture supernatants of all S. typhimurium mutants and wild strains were checked in cross-feeding tests for their ability to promote the growth of various siderophore indicator strains under iron-limited conditions (Table 3 ). All the supernatants tested were able to cross-feed S. stanleyville 207/81 (a known ␣-keto-/␣-hydroxy acid indicator strain [17] ) and A. flavescens JG-9 (previously reported to be an indicator of hydroxamate siderophores [31] ), independently of any additional production of enterobactin or aerobactin. The observation that PA alone also promoted the growth of JG-9 (Table  3) supports the proposal that this strain can act as an indicator for ␣-keto acids in the absence of hydroxamate siderophores. It also excludes the possibility that compounds other than ␣-keto acids in the culture supernatants are responsible for growth stimulation. Moreover, PA was able to promote the uptake of 55 Fe by S. typhimurium enb-7 in a manner that suggests the involvement of an iron-regulated transport mechanism (Fig.  5) . Compounds released into culture supernatants were not, however, utilized by S. typhimurium TA2700 (an indicator of enterobactin and its breakdown products) or SR1001 (a tonB mutant used as an indicator of DHBA). This is consistent with previous observations that these strains cannot use ␣-keto acids as an iron source (17) .
DISCUSSION
To a first approximation, ␣-keto acids have all the hallmarks of microbial siderophores. They are low-molecular-weight iron binding compounds released into the growth medium under conditions of iron stress; iron complexes formed in the medium are taken into the cells of several bacterial species, including Salmonella, by an iron-regulated mechanism that depends on TonB, suggesting an energy-coupled transport process involving an outer membrane receptor (17) . As far as we are aware, the iron binding constants of ␣-keto acids (and their reduction products, ␣-hydroxy acids) have not yet been determined, although the data of Drechsel et al. (3) indicate that several ferric-␣-keto acid complexes are sufficiently stable for spectrophotometric studies. The relatively small growth zones observed in growth promotion tests suggest that the ␣-keto acids have lower efficiency than conventional siderophores (17) . The major difference, however, is that while siderophores are biosynthesized specifically for the purpose of iron assimilation, ␣-keto acids are products of primary metabolism. In these two respects, therefore, the ␣-keto acids are comparable to citrate, which is generally recognized as having siderophore-like properties in promoting the growth of E. coli (10, 37) .
It is likely that ␣-keto acids (and other citric acid cycle intermediates) will be excreted under any culture conditions that inhibit the growth of metabolically active cells. For example, E. coli cultures excrete PA and traces of KGA, KIV, and KIC in late stationary phase, and strains starved of nitrogen excrete more KGA than do those grown in a nitrogen-rich medium (27) . We have also demonstrated an approximately sevenfold increase in PA excretion and up to 40-fold increases in KGA excretion by S. typhimurium strains due to nitrogen starvation (data not shown). It can be argued, therefore, that the appearance of primary metabolites in the medium may simply be due to a general leakiness of cells in harsh environments. The key experiment implicating iron in the regulation of this process, however, is the analysis of ␣-keto acids secreted by fur mutants growing in normal medium, not supplemented with DIP or conalbumin. These organisms are not under any kind of environmental stress in such a rich nutrient medium, yet they excrete large amounts of ␣-keto acids.
␣-Keto acids are degradation products of amino acids (e.g., KIC and KIV) and intermediates in the citric acid cycle (e.g., PA and KGA). They are also produced by transaminases and deaminases and in other metabolic processes. In species such as P. mirabilis (21) , degradation of amino acids is due to specific amino acid deaminases; indeed, the production of ␤-phenylpyruvic acid by the action of phenylalanine deaminase, detectable as a colored ferric complex, is a key diagnostic tool for the Proteus-Providencia-Morganella group (15) . Salmonella, however, is phenylalanine deaminase negative, producing only trace amounts of ␤-phenylpyruvic acid and other amino acid degradation products primarily by aminotransferase-catalyzed removal of amino groups to KGA. The predominant ␣-keto acid excreted by S. typhimurium strains was PA, and maximal amounts were observed in culture media under conditions of iron stress that severely restricted bacterial growth. This effect was observed both in Trypticase soy broth and in an enriched minimal medium, with iron stress imposed by DIP or by the more physiologically relevant egg protein conalbumin (ovotransferrin). The actual concentration of iron chelator at which growth inhibition occurred depended on the capacity of a strain to acquire iron by means of other siderophores. Presumably, the iron status within the cell will depend on the activity of endogenous siderophore systems rather than directly on the concentration of the iron chelator in the external milieu; thus, the enterobactin-producing clinical isolate M307 was less sensitive to DIP than the enterobactin defective mutant enb-7 but more sensitive than the clinical isolate 333/94, which also produces aerobactin. Increased production of ␣-keto acids under conditions of iron stress has previously been reported for strains of E. coli (29) , Pasteurella spp. (5, 30) , coagulase-negative staphylococci, and micrococci (16) . It is probable that excretion of ␣-keto acids simply indicates continued metabolic activity in the absence of bacterial growth, and it is likely also to occur in response to stresses other than iron deprivation. Eventually, however, the accumulation of iron binding ␣-keto acids in the medium apparently overcomes iron stress imposed by DIP, allowing significant growth of S. typhimurium enb-7 on further incubation. We found that quantitative changes in the levels of excretion of several ␣-keto acids occurred simultaneously, but how these changes reflect metabolic activity in the growing culture is not clear. What is evident, however, is that components of all the culture supernatants tested were biologically active in overcoming iron stress, supporting the growth of ␣-keto/␣-hydroxy acid indicator strains in cross-feeding assays.
A direct role for iron in modulating the production and/or spillage of ␣-keto acids is inferred from the observation that the S. typhimurium fur mutant RB181 excreted much larger amounts of PA, KGA, KIC, and KIV than did enb-7, both in a Strains enb-7 (Fur ϩ ) and RB181 (fur) were grown with shaking at 37°C for 24 h in M9 medium containing nutrient broth, tryptone, and yeast extract and supplemented with DIP at the concentrations shown. In each case, bacterial growth (OD 620 ) and concentrations of each ␣-keto acid 2-quinoxalinol derivative are given.
b ␣-Keto acid 2-quinoxalinol derivatives (23% of total excreted ␣-keto acids) with r t ϭ 5.5 (3% of total), 7.7 (Ͻ0.1%), 8.3 (0.6%), 11.9 (probably oxaloacetic acid, 16%), 14.0 (3%), 19.6 (0.4%), and 21.1 (0.3%).
c ND, not determined.
the absence of DIP and over a whole range of iron deprivation conditions. Strain RB181 also produced several unidentified ␣-keto acids that were not detectable in culture supernatants of enb-7. These data suggest that at least some steps in the process of degradation of amino acids and in the citric acid cycle itself may be iron regulated by the Fur protein. The presence of a potential Fur binding site in the promoter of a gene encoding the iron-containing enzyme aconitase in E. coli (9, 24) is consistent with this idea. In a fur mutant, therefore, this activity would occur constitutively, leading to massive overproduction of primary metabolites and their secretion into the medium; this presumably enabled it to tolerate much higher levels of iron stress due to DIP than the Fur ϩ parent did. Such a phenomenon is comparable with Fur-regulated expression of siderophore biosynthesis and iron transport systems and of some virulence determinants such as toxins and fimbriae. Fourteen Fur-regulated genes have been identified in S. typhimurium (36); 11 of them have Fur-regulated homologs in E. coli or Yersinia enterocolitica, and an additional 3 have homologs in other bacteria which have not been previously shown to be Fur regulated. Of particular interest in the context of this paper is that the gene encoding phosphoglycerate mutase is Fur regulated; this enzyme catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate, which leads finally to pyruvate. Previous studies by Hantke (12) have shown that the fur mutation in E. coli influences succinate uptake and metabolism, suggesting a generalized effect on bacterial metabolism. Moreover, systematic two-dimensional polyacrylamide gel electrophoresis of a number of S. typhimurium fur mutants revealed that about 36 proteins were overtly affected by iron availability, most of them clearly under the control of Fur (7) . Also, S. typhimurium strains carrying fur mutations fail to mount an effective acid tolerance response (6) . Thus, Fur has a much more extensive impact on gene expression and cellular physiology than simply on those aspects related to iron.
It should be stressed that we have no evidence that ␣-keto acids do in fact function as siderophores in vivo. However, it is tempting to speculate that bacteria such as Salmonella spp. may have evolved mechanisms for diverting products of existing essential metabolic pathways toward supplying iron in situations in which normal iron uptake mechanisms are inactive or inefficient. The nature of a possible outer membrane ␣-keto acid receptor and the role of Fur in regulating primary metabolism are currently being studied in our laboratories. We are grateful to Evelyn Skiebe and Ilse Rienäcker for skilful technical assistance and to K. E. Sanderson and P. J. Szanislo for gifts of bacterial strains. a ϩ , presence of a growth zone; around filter paper discs loaded with the culture supernatant; Ϫ, absence of such a zone. b Strain 80/82 secretes the enterobactin precursor DHBA but not enterobactin; it promotes growth of the indicator strain SR1001 because uptake of iron complexed with DHBA is TonB independent. This strain also makes aerobactin and so gives a positive response with indicator strain LG1522.
c Authentic PA used as ␣-keto acid control.
